Identification of the key components in the physical and chemical milieu directing donor cells into a desired phenotype is a requirement in the investigation of bioscaffolds for the advancement of cell-based therapies for retinal neurodegeneration. We explore the effect of electrospun poly-ε-caprolactone (PCL) fiber scaffold topography and functionalization and culture medium, on the behavior of mouse retinal cells. Dissociated mouse retinal post-natal cells were seeded on random or aligned oriented fibers, with or without laminin coating and cultured with either basic or neurotrophins enriched medium for 7 days. Addition of laminin in combination with neurotrophins clearly promoted cell-morphology, fate, and neurite extension. Nanotopography per se significantly affected cell morphology, with mainly bipolar profiles on aligned fibers and more multipolar profiles on random fibers. Laminin induced a remarkable 90°switch of neurite orientation. Herewith, we demonstrate that the chemical cue is stronger than the physical cue for the orientation of retinal neurites and describe the requirement of both neurotrophins and extracellular matrix proteins for extended neurite outgrowth and formation of complex retinal neuronal networks. Therefore, tailor-made PCL fiber mats, which can be physically and chemically modified, indeed influence cell behavior and hence motivate further retinal restorative studies using this system.
Introduction
The introduction of tissue engineering in ocular research has played a fundamental role for the recent advancements in the exploration of restorative therapies for retinal neurodegeneration. Replacement of photoreceptors using donor cells for late stages of diseases such as retinitis pigmentosa, age-related macula degeneration and retinal ganglion cells (RGCs) in glaucoma, has gained lots of attention (Johnson et al., 2011; Lavik et al., 2005; Luo et al., 2014) . However, in early preclinical retinal transplantation studies, poor cell survival and integration was found. Providing cells with physical three-dimensional support and biochemical signals to construct cell scaffolds may solve these problems (McHugh et al., 2013) . In the organism many of these cues are provided by the extracellular matrix (ECM), which consists of water, fibrous proteins and proteoglycans (Järveläinen et al., 2009; Schaefer and Schaefer, 2010) and form highly organized meshworks in the nano-and micrometer range (Cassidy, 2014; Lee and Livingston Arinzeh, 2011; Lu et al., 2011; Tam et al., 2014; Taylor et al., 2015; Wang et al., 2013) .
The ideal scaffold material for retinal repair must be biocompatibleand degradable, not cause an immunogenic response and preferable enable very thin constructs, so it can be implanted with minimum invasive technique (Zorlutuna et al., 2013) . Electrospinning is a well-described method for production of suitable fiber sheets, mimicking the fibrous nature of native ECM, with regard to fiber diameter, porosity and large surface areas (Agarwal et al., 2009; Vasita and Katti, 2006) .
Pioneering work demonstrate that electrospun fibrous scaffolds can promote cell survival, influence differentiation and guide neurite growth, and furthermore facilitate delivery and integration to the retina (Chen et al., 2011; Hertz et al., 2014; Hynes and Lavik, 2010; Redenti et al., 2008; Steedman et al., 2010; Trese et al., 2012) . For photoreceptor replacement, electrospun fiber substrates of poly-ε-caprolactone (PCL), a flexible, biocompatible and biodegradable polymer was shown permissive for mouse-and human retinal progenitor cells (RPCs) differentiation, and facilitated integration with the recipient retina in vitro and in vivo (Cai et al., 2011; Lawley et al., 2015) . Moreover, directed neurite growth and survival of post-natal mouse RGCs after transplantation was reported using functionalized aligned PCL fiber substrates in vitro (Kador et al., 2014 (Kador et al., , 2013 .
Dissociated retinal post-natal cells (RPNCs) in vitro can mimic in vivo tissues and possess a greater potential to form synaptic connections, compared to corresponding progenitors, with the host retina, making this cell type an appropriate control assay and hence a tool for basic studies in retinal restoration (Hertz et al., 2014) .
Fabrication of tailor-made cell-scaffolds for retinal restoration is yet in an early phase, mostly due to the retina being a complex and well-organized laminar neural circuit. Each retinal cell type would most likely profit from different topographies; therefore it is currently challenging the fabrication of versatile scaffolds that would resemble its natural surroundings. Studies made so far, haven't lead to any clear solution. Hence, we believe that with systematic work on basic effects of the main physical-and chemical factors that affect cell behavior, important pieces will be added to the overall puzzle that may put previous studies in a better context.
Here, we wanted to investigate the effects that: a) electrospun PCL submicron fibrous with different organization (aligned and random fiber orientations), b) functionalization (±laminin coating) and c) different culture media may have on the overall adhesion, polarization of nuclei-and neurites, morphological formation and phenotypic marker expression of RPNCs. The effects were quantified by detailed immunocytochemical-and morphometric analysis.
Material and methods

Electrospinning of fiber substrates
A 15 wt% solution of PCL (80 kDa, Sigma-Aldrich, St. Louis, MO, USA) was prepared by dissolving PCL pellets in acetone at 50°C. A 1 mL syringe with a 22 G blunt needle was filled with the PCL solution and put into a stand with a syringe pump, which was set to a continuous feed. For the randomly aligned fibers a rectangular metal plate (135 × 90 mm) was used as a collector, whereas for the parallel fibers a rotating disk with a diameter of 145 mm was used. To produce randomly aligned fibers the flow rate was 1.5 mL/h, the strength of the electrical field was 20 kV and the syringe-target distance was 20 cm. For parallel-aligned fibers production, the flow rate used was 3.0 mL/h, the strength of the electrical field was 17.5 kV, the distance to the rotating disk was 20 cm and the rotation speed of the disk was 1500 rpm. PLLA plastic film was used as the collector film for all the fibers. The substrate construct (50 μm plastic film + 6 μm spun fibers) was cut into pieces of approximately 10 × 10 mm, sterilized with 70% ethanol and dried at room temperature (RT) before use for cell cultures.
Fiber characterization using scanning electron microscope (SEM)
Fibers were sputtered with gold palladium (AuPd) and then analyzed using a scanning electron microscope (SEM, SU3500, Hitachi) for high-resolution images. Diameters of at least 50 fiber filaments per sample (n = 3 per fiber type) were measured and the mean diameter was calculated. To measure the alignment of the fibers, the FFT function (Fast Fourier Transform) of ImageJ and an oval profile plug-in was used (Bill O'Connel, http://rsbweb.nih.gov/ij/plugins/oval-profile. htmL).
Poly-L-lysine (PLL) and laminin coating of PCL nanofibers
Random and aligned fibers were coated with a 10 μg/mL PLL (Sigma Aldrich Sweden AB) solution for 1 h at RT and subsequently washed with Millipore water and air-dried. An overnight incubation at RT on a shaker was after performed with 10 ng/mL laminin solution (Sigma Aldrich Sweden AB). Succeeding washing steps in tris-buffer saline (TBS) were performed.
Isolation and dissociation of post-natal day 4 mouse retinal tissue
Animal handling was performed in accordance with approved guidelines of the Ethics Committee of Lund University, the Institute for Laboratory Animal Research (Guide for the Care and Use of Laboratory Animals), and the ARVO statement for the use of animals in ophthalmic and vision research. Retinas were isolated from post-natal day 4 mice (PN4). A single cell suspension of the retinal tissue was prepared by incubating 8 retinas in a 1 mg/mL (18 units/mL) papain solution (DMEM/F-12, 5 ng/mL DNase I (Sigma-Aldrich, St. Louis, MO, USA), 0.3 g/mL L-cysteine (Sigma-Aldrich, St. Louis, MO, USA)) for 30 min at 37°C and then mechanically dissociated with a burned tip glass Pasteur pipette. Single cell suspension was centrifuged for 5 min at 480 g and resuspended in culture medium. Two different culture mediums were used in the study, i.e. basic neuronal medium (DMEM/F-12, 2% B27 supplement (Invitrogen, Ltd., Paisley, UK) and 2% L-glutamine + Penicillin/Streptomycin (Invitrogen, Ltd., Paisley, UK)) and the enriched Full-SATO medium (Neurobasal supplemented with insulin, sodium pyruvate, penicillin/streptomycin, N-acetyl cysteine, triiodo-thyronine, forskolin, SATO supplement, B27 and BDNF and CNTF growth factors at previously published concentrations (Barres et al., 1988; McKerracher et al., 1989) . Cells were counted with an automated cell counter TC20 from BioRAD and then seeded onto uncoated or PLL-laminin coated PCL nanofiber substrates at cell densities of 1×10 5 cells/cm 2 and incubated for 4 h (0 DIV), 7 days or 18 days at 37°C in a humidified atmosphere of 5% CO 2 . In addition, RPNCs were also seeded on PLL coated chamber slides, to serve as comparison in the nuclei orientation analysis. Medium was changed every 2-3 days throughout the experiments. At least three independent seeding for each experimental group, including three replicates, were performed.
AlamarBlue proliferation and viability assay
Viability of the cultured retinal cells on fibers and glass flat controls for 4 h, 7 days and 18 days was assessed with AlamarBlue (AB) assay (Invitrogen Ltd., Paisley, UK). Two cell seedings were performed for this assay. Protocol was followed according to manufacturer's instructions. In brief, medium from cell cultures was removed on the day of the assay and replaced with fresh medium containing AlamarBlue (1:10) and re-incubated at 37°C, 5% CO 2 for 22 h. Remaining medium with AB was also incubated and used as no-cell (negative) control. At the end of the incubation time, 100 μL of the cultured medium was transferred to a 96-well plate containing 50 μL of 3% SDS, which stops the reaction and stabilizes fluorescence. Fluorescence was measured in a spectrophotometer at 560 nm excitation wavelength and 590 nm emission wavelength. Average fluorescence values of the culture medium background (negative controls) were subtracted from all fluorescence values of each experimental well. Normalization of the data was performed relative to the control group flat + basic medium.
Immunocytochemistry
Cell cultures on the nanofibers substrates were fixed in a solution of 4% paraformaldehyde (PFA) in Sørensen's buffer for 10 min at RT, washed three times with phosphate buffered saline (1× PBS), pH 7.2. Cultures were blocked and permeabilized using a solution of PBS, 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), and 0.25% Triton X-100 for 30 min. Blocking was followed by overnight incubation at 4°C with primary antibodies diluted in blocking solution. Washing steps were performed before and after 1 h incubation with the secondary antibodies at RT in the dark. Samples on fiber scaffolds were then arranged on glass slides, mounted using Vectashield mounting medium containing DAPI (Vector Laboratories, Inc. Burlingame, CA, USA) for nuclei counterstaining before adding the coverslip. Full lists of the primary and secondary antibodies used are presented in appendices Tables A.1 and A.2, respectively.
Analysis
Samples were imaged using a fluorescence microscope Axio Imager M2 (Carl Zeiss, Germany). At least three images randomly taken per fiber substrate (corresponding to a minimum of 100 cells per image) and three fiber type substrates from three independent experiments (n = 3) were included in the analysis (i.e. 0 DIV group: n = 3 fibers/substrate group, from three independent experiments; 7 DIV group: n = 3 fibers/substrate group from three independent experiments). ImageJ (NIH, http://rsb.info.nih.gov/ij) was used for quantification analysis of the digital images. Only qualitative analysis was made for the 18 DIV group.
Cell counting and morphological analysis of immunolabeled cells
Total cell numbers were quantified by counting DAPI-labeled nuclei from 3 to 6 random fields per each fiber sample. Assessment of numbers of β-tubulin III-and rhodopsin-positive cells, respectively, was performed at 0 DIV and 7 DIV groups. Neuronal cell morphological analysis was performed on β-tubulin III stainings from the 0 DIV and 7 DIV groups. Morphologies were classified into four categories according to the number and orientation of extended neurites, 1) round, with no process; 2) unipolar, round with one process; 3) bipolar, two processes often in opposite direction or 4) multipolar, having several processes, often radially distributed. Nuclei angle orientation measurements were done on DAPI-labeled cells of the uncoated PCL fiber substrates cultured in basic neuronal medium of the 7 DIV group. Neurite alignment to fiber orientation and neurite length was measured on β-tubulin III stainings at 0 DIV and 7 DIV, using standard functions available in ImageJ.
Statistics
Data analysis was performed on samples from three independent cell seedings (n = 3). All statistical analysis was performed using GraphPad Prism Version 6 (GraphPad Software, Inc. CA. USA). For the multiple group comparisons, an ordinary one-way ANOVA with Tukey's multiple comparison test with a single pooled variance was applied. Null hypothesis was rejected at p b 0.05. Data significance is indicated with (*) for p b 0.05, (**) p b 0.01, (***) p b 0.001 and (****) p b 0.0001. Results are reported as mean ± SEM (standard error of mean).
Results
RPNCs are here used as a non-manipulated and closely in vivo resembling cell tool for the exploration of cell behavior on nanostructured surfaces, effectively used elsewhere (Hertz et al., 2014; Piret et al., 2013 Piret et al., , 2014 Piret et al., , 2015 .
Dissociated post-natal day 4 retinal cells were seeded at a density of 1 × 10 5 cells/cm 2 on electrospun PCL substrates and three factors, i.e. topography, chemical cues and neurotrophins were studied. Two different nanotopographies were presented to the cells by seeding on either randomly (R) or aligned (A) oriented fibers. One chemical cue studied, was the ECM component laminin, here adhered to the fibers and normally present in the developing retina i.e. at the age of the present used RPNC, and commonly used in similar settings (Reinhard et al., 2015) .
Laminins are a family of glycoproteins that via integrin receptors promote cell adhesion and furthermore, is known to promote neurite outgrowth through multiple adhesion sites (Lee and Livingston Arinzeh, 2011) . A second chemical cue studied was the cell culturing medium effect, by culture in a general neuronal medium (hereafter called basic medium), containing B27 supplement, a serum-free supplement used for growth and long term-viability of CNS neurons or the Full-SATO media, including neurotrophic factors and Forskolin (Meyer-Franke et al., 1995) , developed to promote RGC survival and axonal elongation. The dissociated RPNC population was firstly characterized at 4 h after seeding, the earliest time-point with no free-floating cells, with regard to phenotypic cell marker expression and morphologies present. Preliminary studies with 7 DIV and 18 DIV culture revealed sufficient cells counts, morphological development and maintained phenotype expression of major retinal cell types of interest, i.e. photoreceptors and RGCs, with no obvious difference between the time-points. Therefore, 7 DIV was the time-point chosen for all further experiments. Moreover, as initial studies indicated no obvious difference between cell numbers-and morphologies in cultures on uncoated PCL with either basic or Full-SATO medium, we decided to continue cultures on uncoated PCL with basic medium and not with the Full-SATO.
Fabrication and characterization of electrospun fiber substrates
The morphological structure of the electrospun nanofibers was observed using scanning electron microscope (SEM) and image analysis of the fibers confirmed that randomly oriented and aligned fibers substrates were produced (Fig. 1A , D, respectively). The clear difference in alignment of the fibers was further proven by FFT-analysis (Fig. 1B, E) . Thus, we established a protocol in our laboratory for the fabrication of electrospun PCL fiber substrates with the desired characteristics. Measurements of the fiber diameter showed that the randomly oriented fibers (referred to as random fibers from here on) had an average diameter of 687 nm ± 26 (Fig. 1C) , while the aligned fibers had an average diameter of 577 nm ± 20 (Fig. 1F ). The thickness of the fiber mat was measured to approximately 6 μm for both random and aligned fibers (n = 3).
RPNCs viability at 0 DIV, 7 DIV and 18 DIV
The effect of substrate surface characteristics and culturing medium on the viability of RPNCs was evaluated using AlamarBlue (AB) assay. AB contains the active compound resazurin, a non-toxic and cell permeable dye, which serves as a specific (fluorometric/colorimetric) REDOX indicator or detector of metabolic activity. After cellular uptake, resazurin (oxidized form, non-fluorescent and blue in color) is reduced into resorufin (reduced form, highly fluorescent and pink in color) as a result of the action of several different redox enzymes. Therefore, resofurin fluorescence/absorbance is proportional to the amount of viable cells. No significant differences in cell viability were found up to 26 h (4 h incubation without AB + 22 h incubation with AB (1 DIV)) in culture between the experimental conditions ( Fig. 2) . Prominently, significantly better cell survival was observed at 7 DIV and 18 DIV when cells were cultured with the Full-SATO medium. It was also verified that within each experimental group there was no significant differences in cells viability between the substrate topographies.
Attachment and maintenance of RPNCs on nanofiber substrates
Cell adhesion to the underlying substrate is a crucial factor not only for the survival of anchor dependent cells, but also because the nanoscale ECM resembling topography through its mechanical/physical cues plays a crucial role on the cell behavior.
At 7 DIV the cells were counted and at least the same number of cells seeded on fiber substrates (1.0 × 10 5 cells/cm ). In both groups cultured with basic medium, the aligned fiber substrates rendered significantly more cells as compared to the random fibers substrates (p b 0.001). In addition, in cultures on laminin-coated fibers, yet significantly more cells were found compared to the group cultured on uncoated fibers (p b 0.001). However, addition of Full-SATO medium showed a significant decrease in cell numbers compared to corresponding groups (p b 0.001), except when comparing groups cultured on random fibers in different media.
In order to evaluate if cells directly interact with the PCL nanofibers, immunohistochemistry with an anti-vinculin antibody was performed. In vivo, cells adhere to the ECM via multi-protein complexes called anchoring junctions, which provide cell/tissue stability and rigidity and have an action on cell spreading and movement/migration. These anchoring junctions are composed of transmembrane cell-adhesion molecules (CAMs) and or adhesion receptors (e.g. integrins), adaptor proteins (e.g. vinculin) and the cytoskeleton itself. Vinculin is a membrane-cytoskeletal adaptor protein that links integrin adhesion receptors to the contractile actin-myosin cytoskeleton (Humphries et al., 2007; Mierke et al., 2010) . Therefore it can be used as an immunofluorescent marker for cell-matrix interactions.
Vinculin-immunolabeled cells were observed in all experimental groups. Vinculin was observed in a dotty pattern along the cell membrane (see Fig. 3 multi-media content, https://youtu.be/Jisi0UbgL7Y (A); https://youtu.be/D1s-5ad7oPs (B)). Due to experimental conditions with immunohistochemistry, it is not possible to directly visualize cell-fiber adhesion and cell soma location on the fiber mesh, but it is possible to infer that cell processes (on laminin coated substrates) are in direct contact with the nanofiber.
Phenotypic expression of RPNC after 4 h and 7 DIV on nanofiber substrates
To study the effects of the different culture conditions at 7 DIV on phenotypic marker expression, the composition of the retinal cell population, with focus on major retinal cell types, present at post-natal day 4 (PN4) was firstly evaluated. Photoreceptors were identified using an antibody against rhodopsin, which is a light-sensitive receptor protein (Grigoryan, 2001) , while β-tubulin III, a microtubule protein of the tubulin family, was mainly used to identify RGCs. β-tubulin III is reported to be strongly expressed in RGCs, but also known to label some horizontal-, amacrine-, and cone photoreceptor cells (Sharma and Netland, 2007; Sharma et al., 2003) . RGC identity of the cells was further evaluated using the RGC-specific marker RBPMS (a RNA binding protein with multiple splicing) (Rodriguez and Luis, 2014) . Neuronal identity of the cells was also studied using the neuronal marker NeuN (a neuronal nuclear specific protein (Johansson et al., 2010) ), reported to be expressed in RGCs and amacrine cells in the adult retina (Schlamp et al., 2013) , while the level of functional maturation of the neurons was assessed using an antibody against synaptophysin, a presynaptic Values indicate amount of fibers in a certain orientation. Randomly aligned fibers present variable fiber angle distribution, while angle distribution on align fibers is convergent to 90°a ngle. Fiber diameter distribution histograms obtained on random fibers (C) and on aligned fibers (F). Scale bar: 10 μm. (Hauck et al., 2003; Ryskamp et al., 2011) . The marker glial fibrillary acidic protein (GFAP) was finally used to label astrocytes (Grigoryan, 2001) . At 0 DIV, rhodopsin-, TRPV4-, NeuN-, and RBPMS-positive cells were found (Fig. 4A, D, G, J respectively) . β-tubulin III-and very few GFAPpositive cells were also observed (Fig. 5A, D) independently of the fiber substrate and culture condition. No synaptophysin-immunoreactivity could be detected at this time point (Fig. 4M) . In addition, RPNCs displayed round neuronal morphologies while GFAP-positive astrocytes displayed polygonal morphologies.
At 7 DIV, independently of the cell culturing conditions, all of the cell types studied were found (Figs. 4 and 5) , and the vast majority of both the glial-and neuronal cells had developed into more complex morphologies with extended and multiple neurites (Fig. 5) . Notably, development of complex cell morphologies and cell networks was more prominent when cells were cultured on laminin-coated nanofibers with the enriched culturing medium, Full-SATO (compare Fig. 5B , E with C, F). Moreover, at this time-point we verified that the topography influenced glial-and neuronal morphologies. Furthermore, maturation of neuronal cells was observed, as synaptophysin-positive cells were encountered at 7 DIV (Fig. 4N, O ) and 18 DIV (data not shown).
Counting of rhodopsin-and β-tubulin III-positive cells at 0 DIV did not reveal any apparent difference regarding cell marker expression between the experimental groups (Fig. 6) . At 0 DIV, between 43% and 56% of rhodopsin-positive cells were found on random or aligned nanofibers, but no significant differences in numbers was found between the different groups (Fig. 6A) . After 7 days in culture, we observe a significant and substantial decrease in rhodopsin-positive cell numbers, ranging from 9% to 21%. Also at this time point, there was no significant difference between cells cultures on random or aligned fibers within the same experimental group, showing that fiber substrate type did not influence survival of rhodopsin-positive cells. Significantly larger numbers of rhodopsin-positive cells were found on fibers coated with laminin in comparison to non-coated fibers, with the exception of the group with aligned PCL fibers + Basic and aligned laminin + Full-SATO medium. This may indicate that laminin coated substrates are preferred for the attachment of rhodopsin-positive cells.
At 0 DIV, between 5% and 10% of β-tubulin III-positive cells were found in all culture conditions, with no significant difference between the groups (Fig. 6B ). At 7 DIV, similar numbers of β-tubulin III-positive cells (6% to 13%) were found in all culture conditions. However, higher numbers of β-tubulin III-positive cells were found when cells were cultured on laminin-coated fibers compared to on uncoated fibers, independently of the medium used and regardless of fiber alignment.
Topography effect on nuclei size and shape, neuronal cell morphology and neurite outgrowth
The effect on cell morphology by the different physical and chemical cues was studied with regard to nuclei area, elongation and orientation, as well as neuronal cell morphology, neurite growth direction and neurite length.
Average nuclei area after culture on flat surfaces was significantly larger compared to both fiber-type substrates, in all groups except laminin-coated random fiber and Full-SATO medium (p b 0.01 (n N 2600 nuclei/group)). No difference in average nuclei area between the fiber substrate groups was found, except for the Full-SATO groups (Table 1) .
Initial nuclei shape and orientation analysis showed that only the larger nuclei (40-50 μm 2 ) were affected by the culture substrate surface, and/or medium used. The fraction of elongated nuclei, i.e. having an aspect ratio of ≥1.5 for the major/minor axis, was larger in groups cultured on fibers compared to flat surfaces (PCL F: 20%, R: 55%, A 60%; laminin F: 40%, R: 50%, A 70%). However, this difference between culture substrates was not found in Full-SATO medium (laminin + Full-SATO F: 40%, R: 20%, A: 40%). Generally, nuclei angle orientation was found to be randomly distributed in all directions, surprisingly also for nuclei on the aligned fibers (Fig. 7) .
The effect of fiber substrate topography on neuronal morphologies, was examined at 0 DIV and 7 DIV by using the marker β-tubulin III (Fig. 8) . At 0 DIV, in all groups with no difference between the groups, the majority of the cells (N90%) displayed a round morphology, including no neurites or extremely short neurites. At 7 DIV, detailed morphological analysis was performed only after culture on uncoated fibers with basic medium. In this group majority of the cells, but at lower number than at 0 DIV, displayed a round morphology (R: 86% ± 4; A: 79% ± 4). A significant larger number of bipolar cells were found on the aligned fibers mats (20%) compared to the random fibers mats (7%), while multipolar cells were only found on the random fibers (6%) (Fig. 8A ). Dense and complex cellular network formation (Fig. 5) , with neurites extending up to 540 μm in cultures, on laminin-coated substrates hindered accurate morphology assessment.
Hereafter, neurite length was measured on RPNCs at 0 DIV and 7 DIV in all experimental groups (Fig. 8B) . At 7 DIV, as stated above, cultures on laminin coated substrates displayed long neurites and formed complex neuronal networks, therefore for the analysis, cells where only single neurites were able to be followed were measured. Independently of the culturing conditions, neurites at 0 DIV were very short, b15 μm, with no significant difference between the groups. At 7 DIV, cells displayed substantially longer neurites than at 0 DIV in all culture conditions, ranging from 40 to 537 μm. Significantly longer neurites, almost the double length, were found on laminin coated fibers compared to uncoated fibers, at both topographies. In addition, neurite length of RPNC cultured in Full-SATO medium was further significantly enhanced, by three-four times, compared to when basic media was used. Moreover, cells extend longer neurites on aligned fibers than on random fibers when cultured with the enriched medium, Full-SATO.
Then, polarization of β-tubulin III positive neurites in relation to fiber alignment was studied at 7 DIV, since average neurite length at 0 DIV was too short. On random fibers, in all conditions, non-preferential neurite growth direction was found (Fig. 8C) . In contrast, on the uncoated aligned fibers, cells that possessed neurites were mainly of a bipolar morphology, and the vast majority of their neurites were found in a perpendicular orientation to fiber alignment, independent of culture media Fig. 4 . Neuronal-and glial phenotypic marker expression of RPNCs after culture for 0 DIV and 7 DIV on random or aligned oriented fibers. All images present fluorescent immunolabeled cultures on laminin-coated fiber substrates with Full-SATO medium. All markers presented were expressed at both time-points and on both types of substrates, except for synaptophysin. Rod photoreceptors were detected by the marker rhodopsin (A-C). TRPV4 expression revealed retinal ganglion cells (RGCs) and Müller cells (D-F). NeuN expression identified cells of a neuronal lineage, mainly RGCs, but also amacrine cells (G-I). The antibody against RBPMS specifically detected RGCs (J-L). Synaptophysin expression was observed at 7 DIV (M-O). Nuclei were stained with DAPI (blue). Scale bar: 50 μm. (Fig. 8D ). Notably, a completely different scenario was observed on neurite orientation when cells were cultured on laminin coated aligned fibers. Here, the cells extended their neurites along the fibers, showing a 90°shift on neurite orientation (Fig. 8D ).
Discussion
Fabrication, characterization and biocompatibility of electrospun PCL nanofibers
Nanofibrous scaffolds are designed to mimic the characteristics of the native architecture of the three dimensional (3D) ECM (Cassidy, 2014; Lee and Livingston Arinzeh, 2011; Tam et al., 2014) . In in vitro cell cultures, these scaffolds provide a more natural substrate structure for the cells, as compared to traditional cultures on flat surfaces. Nanofibrous scaffolds provide a large surface area for cell attachment as well as a matrix with pores that enable transport/diffusion of nutrients from all directions (Kador and Goldberg, 2012; Loh and Choong, 2013) . A requirement for the success of a biomaterial is to be non-toxic, biocompatible, permissive to cell adhesion and finally supportive for the survival of cells that come in contact with it. Therefore, we chose to use the biocompatible and biodegradable polymer PCL, which is also approved by the FDA for the use in certain applications (Meng et al., 2010) , and is described to be useful for culture of neuronal cells in numerous reports (Chen et al., 2011; Horne et al., 2010) . In this study, nanofibrous scaffolds with desired and significant different physical characteristics, consisting of aligned and random fibers, were successfully fabricated using electrospinning. The ECM of the retina is composed primarily of the structural protein collagen type IV (Halfter et al., 2008) . In-house fabricated fibers had a mean diameter of 682 nm of randomly oriented fibers and 577 nm of aligned fibers, which is within the typical diameter range of the collagen type IV fiber (fibrils bundle) (Ottani et al., 2001; Unit and General, 1972) . Fiber substrates with a thickness of 6 μm were used, a thickness believed Fig. 5 . Fiber topography effect on formation of neuronal-and glial cell morphological profiles. Double-immunolabeling of RPNCs at 7 DIV with neuronal marker β-tubulin III (green) and astrocyte marker GFAP (red). Nuclei are labeled with DAPI (blue). At 0 DIV majority of the cells present round cell morphology. During 7 days in culture, on both fiber substrates, the RPNCs extended cell processes but formed very complex neuronal-and glial morphologies when cultured on laminin coated substrates and Full-SATO medium (compare 0 DIV with 7 DIV). Notably, on randomly oriented fibers more multipolar cell profiles were detected (C) while on aligned fibers bipolar cell morphologies were more frequently found (F). This was observed both for neurons-and astrocytes, at the respective substrate type. Arrows indicate fiber orientation. Scale bar: 50 μm. to be advantageous for retinal transplantation as it provides reduced risk of trauma while the bioscaffolds accommodates against the retina (Tao et al., 2007) . Thus, we here further show that electrospinning can easily be used to produce fibers with different and desirable characteristics (tuned diameters, orientation, and fiber functionalization) suitable for different applications.
Here we report excellent and similar cell adhesion already after 4 h of culture in all experimental conditions, including uncoated and laminin coated fibers. Cell adhesion to fiber substrates was here in addition validated using anti-vinculin antibody, as vinculin is a membrane-cytoskeletal adaptor protein used to perceive cell-matrix interactions. Vinculin-positive cells were found, which indicate that cells do in fact directly interact with the substrate. Furthermore, we show that presoaking of the uncoated fibers in the different culture media enable equal attachment of the RPNC independent of media used, thus there is no obvious need for e.g. plasma treatment to make the fibers hydrophilic (Yan et al., 2013) . Our results are in agreement with others, reporting the successful use of biodegradable biomaterials, such as PLGA and PLLA, for the culture of immature rodent-or human retinal cells (Trese et al., 2012; Yao et al., 2011) .
Effect of substrate surface characteristics and culture medium on cell viability
Cell viability was assessed using the AlamarBlue assay in order to determine the effect of the topography and culture medium on dissociated retinal cells. After 26 h in culture, cell survival was similar (no significant differences) in all experimental groups (substrate + medium) demonstrating the suitability of the PCL nanofiber substrate and the two different mediums for RPNCs short-term culture. Furthermore, this indicates that RPNCs presented comparable adaptability in the first 26 h of culture in the different culturing conditions. However, it is observed that after 7 days or 18 days in culture, more cells survived when cultured with the Full-SATO medium. This suggests that RPNCs require continuous supplementation of specific neurotrophins for long-term survival in vitro. As no significance difference was observed within the experimental groups, we conclude that the RPNCs survival was not affected by substrate surface characteristics but affected only by the culture medium. With this, we also show that PCL nanofibers are non-toxic, suitable for long-term in vitro culture and therefore are biocompatible with RPNCs.
Effect of physical and chemical cues on cell diversity
It is well known that cells modulate their behavior according to a range of cues, including chemical, physical, mechanical, and electrical signals. Here, we wanted to further study if this is also true for murine primary post-natal retinal cells.
Post-natal day 4 retinas include retinal progenitors as well as postmitotic cells and acclimatize easily in various in vitro conditions. At this time-point a fraction of bipolar cells, rod photoreceptors and Müller glia are still to be generated (Cepko, 2014) . Therefore, to evaluate if fiber orientation, guidance molecules (here laminin) and growth factors/culturing medium affect RPNCs cell fate we cultured RPNCs until they were firmly attached to the substrates i.e. after 4 h, to document cell morphology and what cell types of interest are present at PN4 (0 DIV). It has not yet been reported to what extension PN4 retinal cells differentiate into the different cell types using basic or enriched culturing medium, while cultured on non-functionalized or laminin-coated PCL electrospun fibers with different orientations.
The original retinal composition at 0 DIV included rhodopsin-, β-tubulin III-, NeuN-, RBPMS-and TRPV4 labeled cells, and very few GFAPlabeled cells. Thus, at PN4 we identified two major retinal neuronal subtypes, i.e. photoreceptors, RGCs as well as few astrocytes.
We here report after culture of dissociated post-natal retinal cells for 1 week in vitro (7 DIV), higher expression level of all markers studied. Up-regulation of the markers was more prominent when cells were grown on laminin-coated nanofibers and cultured with the Full-SATO medium. Indeed, at 7 DIV, there were detectable levels of synaptophysin in all experimental conditions, indicating a certain degree of functional maturation of the retinal neurons. Further functional assays such as calcium imaging and electrophysiological recordings have to be performed to determine whether functional synapses and neural networks were formed (Bourke et al., 2014) .
After counting of rhodopsin-positive cells at 0 and 7 DIV, a significant decrease of cell numbers was observed at 7 DIV, independently of fiber substrate type and culturing condition. This suggests that rhodopsinpositive cells are more sensitive in these in vitro settings. However, better maintenance of rhodopsin-positive cells was noticed after culture on laminin substrates. This may suggest the preference of laminin for cell attachment.
Quantification of β-tubulin III-positive cells at 0 DIV showed similar numbers on all culture conditions. After 7 days in culture, significantly higher numbers of β-tubulin III-positive cells were found when cells were cultured on laminin-coated substrates independent of medium and fiber alignment used, indicating that laminin is beneficial for culturing and maintenance of neurons, including RGCs, in accordance to other studies (Kador et al., 2013; Meyer-Franke et al., 1995; Goldberg et al., 2002) .
Astrocytes, labeled with GFAP, were in all groups only occasionally found at 0 DIV but in substantially higher numbers after culture for 7 days. However, it was clear that the laminin-coating and addition of the enriched medium promoted proliferation and differentiation of neural progenitors.
Topography effect on nuclei angle, cell morphology and neurite outgrowth
We here wanted to evaluate the impact of the characteristics of the synthetic substrate topographies on RPNCs. Tissue engineering approaches, using tailor-made scaffolds demonstrate the efficient use of various topographies to control cell morphology -a feature of high importance for the development and function of different cell types, in e.g. blood vessels, joints, muscles and bone (Burger et al., 2006; Gupta et al., 2014; Holzwarth and Ma, 2011; Klumpp et al., 2012; Kuppan et al., 2014; Wang et al., 2014; Yoshimoto et al., 2003) . Also for the neural system, many studies confirm the influence and effect of fiber topography characteristics, such as fiber-orientation, diameter and coating, on cell- Results are given as mean ± SEM (n = 3-6, from three independent experiments).
adhesion, morphology, differentiation and maturation, including neurite outgrowth and guidance (Lee and Livingston Arinzeh, 2011) . It has been reported that nucleus alignment on fiber substrates, that is due to anisotropic forces mediated from the environment, via integrins to the cytoskeleton and nucleus, can have an impact on gene and protein expression, that eventually regulate cell behavior (McHugh et al., 2013; Raghunathan et al., 2013) . Recent studies describe that different topographies of electrospun fibers have an effect on the nuclei shape of embryonic hippocampal neurons and mesenchymal stem cells (Lee et al., 2010; Dang et al., 2007) . In agreement, we here show that nuclei area, shape and alignment can be affected by both culture substrate and medium used. Overall, nuclei area was larger after culture on flat surfaces compared to on fiber substrates. Nuclei on flat surface, area as projected in the x-y plane and hence major and minor axes, are larger than on fibers, show that cells accommodate differently on the fibers. The reason for this may be due to the number and size/ strength of the formed focal adhesions. On these surfaces there are no topographical limitations to how large the focal adhesions (i.e. number of integrins) can grow. Furthermore, they can be found in all directions, hence facilitating extensive spreading and flattening of the cell and thereby the nucleus will appear larger as seen from a top view. On fiber structures, the focal contacts are topographically limited in both size and distribution, resulting in less, possibly polarized forces on the cell and nucleus. Indeed, here we show that nuclei shape can be affected by the fiber alignment, with higher fractions of elongated nuclei found on fiber substrates, especially on aligned, than on flat surfaces. We also verified that there is a difference in plasticity of the different cell sources used, i.e. it is probably cell specific, with only the larger nuclei being responsive to topography.
We here, for the first time, in detail describe the significant effect of topography, i.e. random or aligned fiber substrates, on RPNC morphologies. Indeed, at 7 DIV, rhodopsin-and β-tubulin III positive cells displayed healthy neurite outgrowth, further enhanced by laminin coating. Moreover, addition of laminin promoted extensive neuronal network formation, not enabling accurate analysis of single cells on these surfaces. Therefore, morphological assessment was done on β-tubulin III-positive cells at 0 DIV for all experimental conditions and at 7 DIV only on uncoated fibers and with basic medium. At 0 DIV, 90% of the β-tubulin III-positive cells had no neurites and the neurites found were extremely short (b10 μm). This is in accordance with the literature since cells suffer mechanical stress and lose neurites or retract them during the process of retinal cell dissociation, as described elsewhere (Meyer-Franke et al., 1995; Goldberg et al., 2002) . Different topographies promoted formation of different morphologies, with significantly larger numbers of bipolar morphology formed at the aligned fibers (20% vs. 7%). In contrast, on random fibers a larger fraction of multipolar cells was found (6% vs. 1%).
Neurite length measurements revealed significant differences between culture conditions. Presence of the ECM molecule, laminin, itself promoted neurite elongation, which was further enhanced by the use of Full-SATO medium. Moreover, cells extend longer neurites on aligned fibers than on random fibers when cultured on laminin-coated fibers with Full-SATO medium. Faster axonal outgrowth (and cell migration) on linear structures, physical or chemical e.g. protein tracks, have been demonstrated in many different settings and the mechanism may be related to a simplified growth cone on fibers/lines (Clark et al., 1993) . These observations are furthermore in accordance to two recent reports describing increased neurite extension of eGFP-expressing neuronal SH-SY5Y cells on laminin coated substrates and on RGCs by functionalizing fibers with BDNF and CNTF, which is not surprising since we have double cues in this setting (Richard, 2014; Wittmer et al., 2011) .
Examination of fiber alignment effect on the neurite orientation, demonstrated that neurite extensions depended on the coating of the fiber substrate. This effect was clearly observed on aligned fibers. On uncoated fibers, neurites grew preferably perpendicular to fiber orientation, while laminin induced a 90°shift on neurite orientation, meaning that cells extended their neurites along the fibers in the presence of laminin. Thus, we here demonstrate for the first time that the chemical cue (laminin) is stronger than the physical cue (fiber orientation) for RPNCs. Moreover, this indicates that by using guiding molecules such as laminin we are able to control neurite growth orientation.
Why neurites grow perpendicularly on non-functionalized PCL fibers it is not known. It is however known that mouse RGC dendrites extend both horizontally and vertically during development, through currently unknown mechanisms (Wojciechowski et al., 2002) , thus they have the capability of extending neurites in different directions. We can also speculate that this might be due to the PCL fibers intrinsic properties, e.g. fiber density or hydrophobicity. Xie et al. (2014) have recently demonstrated that dorsal root ganglia neurites could project along the nanofibers, but also be directed to grow perpendicular to fiber orientation, depending on the density of the fibers, the protein deposited on the surfaces of the fibers, and the surface properties of the substrate on which the nanofibers were supported (Xie et al., 2014) . According to them, neurites grew perpendicular due to the repelling effect and non-adherent effect of the PEG coating on cover slips or to high fiber density.
From these experiments, we thus conclude that laminin induces neurite extension but it's the combination of laminin and neurotrophic factors, and not one independently, that is essential for neurons to extend longer neurites. Furthermore, we observed that on aligned fibers, neurites were significantly longer than on random fibers when cells were cultured on laminin and with Full-SATO medium. This might be due to the fact that on random fibers, cells with neurites are mainly of multipolar type, while cells on aligned fibers are mainly of bipolar type, thus, have less neurites and therefore have more microtubule-associated proteins available. Also, the spatial/temporal way of axonal outgrowth is very different on random fibers, where the axons change fiber and direction repeatedly, resulting in less effective elongation of neurites.
Taking together, we here provide evidence that RPNCs present high biocompatibility and express mature retinal neuronal proteins up to 18 DIV while interacting with PCL electrospun nanofibers. Furthermore, we here validate the possibility of manipulating RPNC fate by controlling the physical and chemical cues in culture, with regard to morphological formation and neurite outgrowth and guidance. These favorable findings add another piece in the puzzle on the creation of tissue-level functional bioscaffolds and thus, encourage further investments in the development of suitable cytoarchitectural environments permissive for transplantation of bio-scaffolds into the diseased/damaged retina.
Future perspectives
The use of polymer scaffolds holds great promise as a cell delivery device in cell transplant therapies for retinal degenerative diseases, as means to enhance donor cell survival and integration during transplantation of cells to the retina. Synthetic scaffolds have allowed the understanding of how cells sense and adapt to their architectonic environment. However, the molecular mechanistic pathways are not yet fully understood. In addition, obtaining definitive conclusions is challenging as the effect of topography varies according to cell type and even between the same cell-type from different species. It is imperative to understand the molecular mechanisms, which can improve the development of new strategies for tissue engineering as well on the design and fabrication of appropriate scaffolds.
Future studies with neuronal cells should further explore three-dimensional (3D) cultures in combination with native microenvironmental factors, such as soluble factors and electrical potentials to develop bioscaffolds more likely to succeed when transplanted to the in vivo setting. In addition, in order to produce appropriate 3D biomimicking scaffolds i.e. in a hierarchical manner, advancements in the micro/nanotechnologies are required.
